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Abstract 

Cubic  perovskite  films  with  different  compositions  were  grown  on  perovskite 
substrates  to  investigate  the  influence  of  a  large  lattice  mismatch  on  growth 
phenomena  via  the  chemical  solution  deposition  method,  using  toluene 
solutions  of  different  2-etyhlhexanoates  and  neodecanoates.  The  films  were 
pyrolyzed  to  crystallize  the  perovskite  of  the  desired  composition  and  then  heated 
to  1000°C  to  promote  epitaxial  grain  growth.  Pole  figures  obtained  via  x-ray 
diffraction  as  well  as  selected  area  diffraction  (SAD)  of  TEM  specimen  with  lattice 
mismatches  of  2.5%  (SrTio.5Zro.5O3  on  SrTiOs),  5%  (SrZrOs  on  SrTiOs),  7.4% 
(BaZrOs  on  SrTiOs)  and  8.2%  (SrZrOs  on  LaAlOs)  reveal  only  the  epitaxial 
orientation  [100](001)  film  I  I  [100](001)  substrate.  The  )CRD  and  TEM  results  also 
indicate  increasing  polycrystallinity  with  increasing  lattice  mismatch.  High 
resolution  electron  microscopy  (HREM)  of  films  on  SrTiOs  demonstrated  that  an 
array  of  misfit  dislocations  is  present  at  the  interface.  The  misfit  dislocations  have 
line  vectors  1  of  <100>-type  and  Burgers- vectors  b  of  <010>-type.  Dislocation 
separation  distances  obtained  with  HREM  and  XRD  lattice  parameter 
measurements  show  that  the  strain  energy  within  the  films,  due  to  lattice 
mismatch,  is  nearly  fully  relaxed.  The  mechanisms  of  epitaxial  growth  and 
dislocation  formation  are  discussed. 
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1.  INTRODUCTION 


A  number  of  different  methods  are  used  to  overgrow  a  thin,  single  crystal  film  of 
one  material  on  a  single  crystal  substrate  of  another  material  -  a  process  known  as 
epitaxy.  The  periodicity  of  the  atoms  on  a  substrate  surface  is  the  template  for  the 
epitaxial  growth  of  the  thin  film  material.  Even  when  the  two  materials  have 
the  same  structure,  their  periodicity  is  generally  not  identical,  i.e.,  their  lattice 
parameters  are  different  (df  ^  ds).  If  the  film  grows  coherently  on  the  substrate, 
i.e.,  when  the  periodicity  of  the  film  exactly  reproduces  the  periodicity  of  the 
substrate,  the  difference  in  lattice  parameter  gives  rise  to  a  residual  strain  as 
summarized  by  Sutton  and  Balluffi  [1].  Because  tractions  within  the  film  and 
substrate  must  sum  to  zero  and  the  substrate  is  substantially  thicker,  all  of  the 
residual  strain  resides  within  the  film  (neglecting  positions  close  to  the  edge  of  a 
finite  film).  The  strain  in  directions  parallel  to  the  interface  is  either  compressive 
or  tensile,  depending  on  whether  df  is  either  greater  or  smaller  than  ds, 
respectively.  This  in-plane  strain  is  given  by 


e||=- 


df-d. 

df 


(1) 


(8s  =  lattice  mismatch  strain). 


Coherent  films  are  rarely  observed  unless  the  lattice  mismatch  is  very  small,  or  as 
discussed  below,  the  film  is  extremely  thin.  Instead,  it  is  well  known  [1]  that  a 
network  of  dislocations  forms  at  or  very  near  the  interface  to  relax  most  of  the 
strain  produced  by  the  lattice  mismatch.  The  dislocations  are  the  terminus  of 
either  extra  or  missing  lattice  planes  within  the  film,  depending  on  the  sign  of 
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the  in-plane  strain.  The  extra  or  missing  planes  allow  the  film  to  have  its 
unconstrained  lattice  parameter  at  very  short  distances  away  from  the  interface. 
If  the  strain  within  the  film  is  fully  relaxed,  the  distance  S  between  dislocations  is 
given  by  [2] 


S 


(2) 


where  b  is  the  magnitude  of  the  Burgers  vector  of  the  dislocation  in  terms  of  the 
substrate  lattice. 

For  the  case  where  the  mismatch  is  small  (es<  0.01),  and  the  film  grows  layer  by 
atomic  layer  as  observed  for  epitaxy  through  the  vapor  phase  [3,4],  the  dislocation 
network  appears  to  form  by  the  expansion  of  dislocation  loops  at  the  film  surface 
to  the  interface.  This  explanation  is  consistent  because  the  dislocation  network  is 
only  observed  when  the  film  thickness  exceeds  a  critcal  value;  coherent 
(dislocation  free)  interfaces  are  observed  before  the  film  grows  to  its  critical 
thickness.  A  critical  thickness  exists  because  the  work  needed  to  expand  the 
dislocation  loops  is  drawn  from  the  residual  strain  energy  in  the  film,  and  for  a 
given  material  system,  the  strain  energy  per  unit  area  is  proportional  to  the  film 
thickness  [1].  Much  less  is  known  about  the  formation  of  the  dislocation  network 
when  either  the  mismatch  strain  is  large,  which  increases  the  tendency  that  the 
film  grows  by  island  coalesence,  [4]  or  when  a  polycrystalline  film  is  converted  to 
a  single  crystal  by  an  epitaxial  grain  growth  phenomenon  (Miller  et  al.  [5])  as  for 
the  current  study. 

Systematic  studies  of  either  the  epitaxy  phenomenon  or  the  accommodating 
dislocation  network  have  not  been  reported  for  the  case  where  exceeds  =  0.02. 
One  problem  in  such  a  study  is  that  the  mismatch  strain  produced  by  the  epitaxy 
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of  a  solid-solution  composition,  where  the  lattice  parameter  of  the  film  can  be 
systematically  changed  relative  to  the  substrate,  rarely  exceeds  0.02  [5]. 
Interdiffusion  of  the  film  material  into  the  substrate,  which  would  produce  a  film 
with  a  'graded'  lattice  parameter,  is  a  second  problem. 

Both  problems  could  be  overcome  using  double  oxide  compositions  with  the 
perovskite  structure  that  include  SrZr03,  BaZr03  and  BaCe03  and  their  solid- 
solutions  (e.g.,  SrTio.5Zro.5O3  and  BaCeo.5Zro.5O3)  that  epitaxy  on  commercially 
available  perovskite  substrates,  SrTiOs  and  LaAlOs.  This  compositional  series  of 
identical  structures  allows  a  systematic  study  of  lattice  mismatches  up  to  strains  of 
0.16.®  Initial  work  showed  that  these  compositions  could  be  grown  epitaxially 
without  interdiffusion  at  temperatures  up  to  1100°C.  Results  of  in terdif fusion 
studies  at  higher  temperatures  will  be  published  in  a  subsequent  paper  [7]. 

Perovskite  films  are  widely  investigated  for  dielectric  and  opto-electric  device 
applications  that  include  ceramic  capacitors  (SrTiOs,  SrZrOs  and  their  solid 
solutions  [8]  and  BaZrOs  [9]).  BaZrOs  and  SrTiOs  are  cubic  at  room  temperature, 
whereas  the  other  compositions  are  only  cubic  at  high  temperatures  (Taylor  [10]). 
They  undergo  cubic  to  pseudo-cubic  phase  transformations  during  cooling.  Since 
deviations  from  cubic  symmetry  are  small  (shear  strains  <  0.003)  compared  to  the 
lattice  mismatch  (between  0.025  and  0,16),  we  neglect  these  transformation  and 
use  the  pseudocubic  lattice  constants  in  this  study.  For  example,  the 
orthorhombic  lattice  parameters  of  SrZrOs  [11]  have  been  transformed  to  a  mean 
pseudocubic  lattice  parameter  as  described  by  Taylor.  For  the  LaAlOs  substrate, 
which  is  rhombohedral  at  room  temperature,  the  pseudocubic  lattice  parameter  is 
used  from  Geller  and  Bala  [12]. 

®  To  the  knowledge  of  the  authors,  except  for  sputter-grown  BaZr03  on  SrTiOs  (Y.  Dansheng  et  al. 
[6]),  none  of  the  interfaces  studied  here  have  been  investigated  before. 
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The  inorganic,  single  crystal  films  were  produced  by  the  chemical  solution 
deposition  method,  where  a  solution  of  different  metalorganic  compounds  is 
used  as  a  vehicle  to  deposit,  by  spin-coating,  the  desired  elements  on  a  single 
crystal  substrate.  During  spinning,  a  precursor  film  forms,  which  is  decomposed 
(pyrolyzed)  to  a  polycrystalline  film  by  heating  at  relatively  low  temperatures  (< 
400°C).  The  polycrystalline  film  is  then  converted  into  a  single  crystal  film  at 
higher  temperatures  by  one  of  a  number  of  mechanisms  reviewed  elsewhere  [13]. 
One  advantage  of  the  chemical  solution  deposition  method  is  its  high  degree  of 
compositional  control,  inherent  with  other  solution  synthesis  routes  for  multi¬ 
element,  inorganic  materials. 

Preliminary  observations  of  SrZr03  epitaxial  films  on  SrTi03  showed  a 
continuous  film  with  periodic  dislocations  at  the  interface  to  accommodate  lattice 
mismatch  [14].  Here  we  report  the  detailed  characterization  of  the  films  using  x- 
ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  conventional 
transmission  electron  microscopy  (TEM)  and  high  resolution  electron  microscopy 
(HREM).  The  evolution  of  the  precursor  material  is  characterized  by 
thermogravimetric  analysis  (TGA)  and  XRD.  The  separation  distance  between 
dislocations  located  at  the  interface  was  determined  with  HREM  and  correlated  to 
lattice  mismatch.  Finally,  the  mechanisms  of  the  epitaxial  growth  phenomena 
and  the  generation  of  the  dislocation  network  are  discussed. 

2.  EXPERIMENTAL  PROCEDURE 

Thin  films  of  SrTio.5Zro.5O3  on  SrTiOs,  SrZrOs  on  SrTiOs,  BaZrOs  on  SrTiOs 
and  SrZrOs  on  LaAlOs  were  prepared  by  spin-coating  (OOl)-oriented,  polished 
SrTi03  (Coating  &  Crystal  Technology,  Kittanning,  PA,  USA)  and  LaAlOs 
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substrates  with  metalorganic  precursor  solutions.  The  cubic  and  pseudocubic 
lattice  parameters  of  these  systems  and  their  room  temperature  mismatch  strains 
are  listed  in  Table  1. 

Prior  to  spin-coating,  the  substrates  were  cleaned  with  tri-chloro-ethane,  acetone 
and  iso-propanol  and  heated  for  2h  at  1400®C  to.  remove  contamination  and 
plastic  deformation  produced  by  polishing.  The  surface  of  the  SrTiOs-substrate 
shows  steps,  probably  due  to  a  miscut  as  shown  in  Fig.  1. 

Precursors  of  Ce-  and  Zr-2-ethylhexanoates,  Ba-  and  Sr-neodecanoates  and  Ti-2- 
ethylhexoxide  (STREM  Chemicals,  Newburyport,  MA,  USA)  were  used.  The  Ti- 
precursor  was  solubilized  in  toluene  imder  nitrogen,  as  recommended  by  Polli  et 
al.  [15],  which  reduces  the  hygroscopic  nature  of  the  Ti-precursor.  Precursor 
solutions,  previously  assayed  for  their  oxide  content  were  mixed  to  achieve  the 
appropriate  composition  and  then  diluted  with  toluene  prior  to  spin-coating, 
such  that  the  molarity  of  the  final  precursor  solution  was  =  0.25M.  After  mixing, 
the  solutions  were  stirred  for  at  least  15  minutes  to  ensure  good  mixing  of  the 
different  precursor  molecules  on  a  molecular  level.  In  order  to  remove 
precipitates  that  can  lead  to  inhomogeneous  films  during  spin-coating,  the 
solutions  were  filtered  (pore  size  in  filter:  0.2|j.m).  The  decomposition  of  the 
precursors  during  heat  treatment  was  investigated  by  TGA  (General  4.1C,  Du  Pont 
2000)  using  a  heating  rate  of  10°C/min.  The  powder  obtained  during  heat 
treatment  was  characterized  by  XRD  (XDS2000,  Scintag  Inc.,  Sunnyvale,  CA, 
USA).  For  the  determination  of  the  lattice  constants,  silicon  was  added  as  an 
internal  standard. 

The  substrates  were  coated  with  two  drops  of  precursor  solution,  spin-coating 
after  each  drop  for  10s  with  4000  rpm.  In  order  to  pyrolyze  the  precursor  and 
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initiate  epitaxial  growth,  the  films  were  heated  up  to  1000°C  at  a  heating  rate  of 
10°C/min  in  an  air  furnace  for  Ih. 

The  film  morphology  and  structure  was  determined  with  XRD,  x-ray  pole  figure 
analysis  (MRD,  Philips,  Eindhoven,  The  Netherlands),  SEM  (JEOL6300FE)  and 
TEM  (JEOL2000FX  operated  at  200kV).  The  investigation  of  the  structure  at  the 
interface  was  performed  with  HREM  (JEOL4000EX  operated  at  400kV).  TEM  cross- 
section  specimen  were  prepared  as  described  by  Strecker  et  al.  [16]. 

3.  RESULTS 

3.1  Thermogravimetric  analysis  of  powders 

Figure  2  shows  the  TGA  of  the  SrZrOs-  and  BaZrOs-precursors,  results  that  are 
typical  of  the  other  mixed  precursors.  During  heating,  a  large  weight  loss  is 
observed  due  to  the  evaporation  of  solvent  and  the  pyrolysis  of  the  metalorganic 
precursors  to  an  inorganic  powder.  The  decomposition  temperature,  above  which 
weight  changes  were  negligible,  was  372°C  for  SrZr03  and  361°C  for  BaZrOs. 

3.2  X-ray  diffraction  of  powders 

Figure  3  shows  XRD  powder  spectra  for  precursors  heated  at  1000°C/lh.  In  the 
case  of  SrTio.5Zro.5O3,  the  reflections  are  broadened  and  show  shoulders  on  both 
sides,  indicating,  that  SrZr03  and  SrTi03  are  not  completely  mixed.  In  the  case  of 
SrZr03  and  BaZr03,  single  phase  perovskite  material  was  obtained  as  indicative 
of  the  sharp  diffraction  peaks.  Lattice  constants,  dp,  listed  in  Table  2,  were 
determined  from  the  diffraction  angles  20  of  the  (002)  reflections  of  the  powder  by 
using  Bragg's  equation  (X  =  0.1541838nm)  using  the  Si  internal  standard.  They 
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agree  well  with  literature  values  (Table  1).  Scherrer's  formula  [17]  was  used  to 
estimate  the  crystallite  size  in  the  SrZrOs  and  BaZrOs  powder  from  the  full  width 
at  half-maximum  (fwhm)  B  of  the  (002)  reflections.  Instrumental  broadening,  B*, 
was  determined  from  the  fwhm  of  the  (002)  reflection  of  a  SrTiOs  single  crystal 
substrate  (that  should  show  no  size  effect)  as  B*  «  0.09°.  Instrumental  broadening 
B*  was  subtracted  from  the  total  fwhm,  B,  using  the  simplified  approach 
described  by  Warren  and  Biscoe  [18],  which  assumes  that  the  x-ray  diffraction  peak 
has  the  shape  of  an  error  function.  Using  the  values  obtained  for  SrZrOs  and 
BaZrOs  powders,  B  »  0.4°,  the  grain  size  was  estimated  as  Dp  «  22  nm. 

3.3  X-ray  diffraction  of  thin  films 

The  crystallographic  orientation  of  the  films  was  determined  by  (0-20)  x-ray  scans. 
Figure  4  shows  measurements  for  SrTio.5Zro.5O3,  SrZrOs  and  BaZrOs  on  SrTiOs 
(mismatch:  2.5%,  5%  and  7.4%).  Figure  5  shows  the  result  for  SrZrOs  on  LaA103 
(8.2%),  In  all  cases,  the  only  film  orientation  was  (OOl)f  I  I  (OOl)s,  detected  by 
intense  (002)  reflections  in  the  x-ray  spectra.  Additional  peaks  in  Figs.  4  and  5  are 
due  to  the  substrate  (002)  reflection  of  the  wavelength  CuKa  and  others  in  the  x- 
ray  source  (CuKp,  WLal  and  WLa2)-  Theoretical  values  of  20  of  the  (002) 
reflections  of  the  substrates  calculated  by  Bragg's  equation  were  used  for 
calibration.  Lattice  constants  perpendicular  to  the  interface,  dj^,  determined  from 
the  (002)f  reflections,  are  listed  in  Table  3.  For  SrZrOs  on  LaAlOs,  the  values  of 
the  lattice  constants  of  film  and  powder  agree  very  well,  whereas  in  the  case  of 
the  films  on  SrTiOs,  the  film  constants  are  slightly  smaller  than  the  powder 
constants.  A  peak  shift  may  either  result  from  residual  stresses  within  the  film 
(for  example  due  to  a  thermal  expansion  mismatch,  phase  transformations  or 
defects)  or  interdiffusion  or  a  combination  of  both.  Further  experiments  on 
SrZrOs-  and  BaZrOs-films  on  SrTiOs  showed,  that  interdiffusion  becomes 
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significant  only  above  1150°C  [7].  No  change  in  lattice  constant  was  observed  for 
heat  treatments  between  600°C  and  1000°C. 

As  in  the  case  of  the  powders,  a  rough  estimation  of  the  average  grain  size  Df  for 
the  grains  within  the  film  is  calculated  from  the  full  width  at  half-maximum 
(fwhm)  B  of  the  (002)  film  reflections  by  applying  Scherrer’s  and  Warren's 
formulas.  The  values  for  B  and  Df  are  listed  in  Table  3.  The  broadening  that  is 
included  in  the  Scherrer  formula  is  due  to  a  reduced  coherence  length  through  a 
limited  extension  of  the  crystal  normal  to  the  reflecting  planes.  The  estimated 
size  of  the  (OOl)-oriented  'mosaic'  grains  normal  to  the  substrate  for  the  SrZrOs 
and  BaZrOs  films  heat  treated  at  1000°C/h  is  in  the  range  30-40nm.  The  grains 
therefore  are  larger  in  the  films  than  in  the  powders  (see  section  3.2).  This 
indicates,  that  epitaxial  grain  growth  in  the  films  is  enhanced  compared  to  grain 
growth  in  powders.  The  larger  full  width  at  half-maximum  in  the  case  of 
SrTio.5Zro.5O3  may  be  attributed  to  uncomplete  mixing  as  the  case  for  the 
powder. 

Rocking-curves  of  the  (002)  film  reflections  show,  in  all  cases,  a  very  narrow  full 
width  at  half-maximum  (a  »  0.5°),  indicating  that  the  lattice  planes  of  the  films 
are  oriented  parallel  to  the  substrate.  The  same  fwhm  (a  =  0.4°  to  0.5°)  is  obtained 
for  the  substrates  themselves  [(002)  SrTiOs-  and  (002)  LaAlOs-reflections], 
suggesting  that  the  out-of-plane  oriention  of  the  film  is  as  good  as  the  one  of  the 
substrates,  regardless  of  lattice  mismatch,  within  the  error  of  measurement. 

The  in-plane  orientation  has  been  determined  by  pole  figure  analysis  of  three 
reflections;  (002)  film,  (110)  film  and  (110)  substrate  as  shown  by  the  example  for 
SrZrOs  on  SrTiOs  in  Fig.  6.  The  (002)  SrZrOs  pole  figure  only  shows  a  central 
diffraction  peak,  i.e.  for  a  tilting  angle  of  T'  «  0°  [Fig:  6a)].  On  the  other  hand,  the 
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(110)  pole  figures  [Fig.  6  b)  and  c)]  show  four  reflections  at  identical  positions  at  a 
tilting  angle  of  'F  =  45°  and  four  rotation  angles  O,  that  differ  by  90°.  These 
reflections  are  due  to  equivalent  (llO)-planes  of  (OOl)-oriented  single  crystals  that 
satisfy  the  Bragg  condition.  Therefore,  pole  figure  results  show  that  the  films 
have  the  same  orientation  as  the  substrate:  [100](001)  SrZrOs  1  I  [100](001)  SrTiOs. 
The  same  result  is  obtained  for  the  other  materials  (SrTio.sZro.sOs  on  SrTiOs, 
BaZrOs  on  SrTiOs  and  SrZrOs  on  LaAlOs).  However,  it  should  be  noted,  that  in 
the  case  of  the  latter  ones,  there  is  an  increased  background  in  the  center  of  the 
(110)  BaZrOs  -  and  (110)  SrZrOs  -  pole  figure  (Fig,  7),  indicating  an  increasing 
amoimt  of  polycrystallinity  with  increasing  lattice  mismatch. 

3.4  SEM  and  conventional  TEM  results 

Fig.  8  shows  an  SEM-micrograph  of  a  SrZrOs  film  on  SrTiOs.  As  can  be  seen, 
relatively  smooth  films  can  be  obtained.  The  films  of  SrTio.5Zro.5O3  and  BaZrOs 
are  not  perfectly  homogeneous.  In  Figure  9  an  SEM-micrograph  of  a  SrZr03-film 
on  LaA103  is  presented.  The  film  is  not  continuous,  but  consists  of  a  network  of 
connecting  islands. 

As  an  example,  a  cross-sectional  TEM-micrograph  of  a  SrZr03  film  on  SrTi03  is 
shown  in  Fig.  10.  The  thickness  of  all  films  investigated  by  TEM,  =  25-50nm,  is 
consistent  with  the  coherence  length,  Df,  estimated  from  XRD.  Porosity  is 
observed  in  some  portions  of  the  films,  which  partially  may  have  been 
introduced  during  ion-milling.  Selected  area  diffraction  (SAD)  of  TEM  cross- 
sections  of  SrTio.5Zro.5O3,  SrZr03  and  BaZr03  films  confirms  the  epitaxial 
orientation  relationship  [100](001)f  I  I  [100](001)s.  The  same  is  observed  for  SrZr03 
on  LaA103.  SAD  of  different  regions  also  indicates,  that  some  grains  in  films  of 
BaZr03  on  SrTi03  and  SrZr03  on  LaA103,  i.e.,  those  with  higher  mismatch,  do 
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not  have  the  same  orientation  as  the  substrate.  These  results  are  consistent  with 
XRD  observations  of  these  films,  namely  the  increase  of  polycrystallinity  with 
increased  lattice  mismatch. 

3.5  HREM  results 

In  order  to  determine  the  nature  of  the  dislocation  network,  interfaces  were 
imaged  by  HREM  along  two  different  zone-axes.  Figure  11  shows  HREM  images 
of  a  SrZrOs  film  on  SrTiOs  heat  treated  at  900°C/lh  in  a)  <100>  and  b)  <llO>  zone 
axis  directions.  A  semicoherent  interface  with  misfit  dislocations  is  observed.  As 
the  lattice  constant  is  larger  for  the  film  than  for  the  substrate,  the  extra  half¬ 
planes  are  located  within  the  substrate,  as  expected.  In  both  images,  Burgers- 
drcuits  can  be  traced  leading  to  closure  failures  of  b  =  ds  <01 0>  for  imaging  along 
the  <100>  zone  axis  and  b  =  ds/2  <110>  for  the  other  case.  In  the  latter  case,  the 
distance  between  the  disturbed  regions  is  approximately  a  factor  of  ^2  smaller 
than  in  the  first.  The  two  different  cases  appear  to  be  contradictory,  as  only  one 
type  of  dislocation  network  should  be  present.  However,  this  apparent  conflict 
only  reflects  the  fact  that  a  lattice  mismatch  at  the  interface  is  present  in  both 
different  zone  axes.  This  is  demonstrated  schematically  in  Fig.  12  in  a  geometrical 
model  for  simple  cubic  lattices  (O-lattice,  Bollmann  [19]).  As  can  be  seen,  the 
closure  failures  and  their  distances  observed  can  be  explained  purely  geometrical. 
From  the  O-lattice  model,  a  dislocation  network  with  line- vectors  1  =  ds  <100> 
and  Burgers-vectors  b  =  ds  <01 0>  would  be  expected.  The  occurence  of  a  relaxation 
of  this  type  has  been  demonstrated  by  an  analysis  of  the  structure  and  the  strain 
field  from  quantitative  HREM-investigations  [20].  Results  from  Z-contrast 
imaging  are  consistent  with  the  results  from  HREM-investigations  [21].  Figure  13 
shows  lower  magnification  HREM  micrographs  of  a)  SrTio.5Zro.5O3,  b)  SrZrOs 
and  c)  BaZrOs  on  SrTiOs  along  the  <100>  zone  showing  that  the  separation 
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between  dislocations  decreases  with  increasing  lattice  mismatch.  The  distances 
between  dislocations  were  determined  on  a  microscopic  level  by  counting  atomic 
planes  within  the  film  and  the  substrate  in  <010>-direction;  these  are  listed  in 
Table  4  (ShREM)-  The  variability  of  the  dislocation  spacing  is  very  high  in  the 
case  of  SrTio.5Zro.5O3  on  SrTiOs,  due,  it  appears,  to  compositional  variations 
within  these  films,  as  suggested  by  XRD  observations.  Figure  13  also  indicates 
that  the  dislocation  cores  always  are  located  within  the  film  material,  either 
directly  at  or  close  to  the  interface.  Dislocations  within  the  bulk  film  material 
were  occasionally  observed.  Values  of  the  dislocation  distances  expected  for  fully 
relaxed  films  are  estimated  from  x-ray  powder  lattice  constants  dp  with  equations 
(1)  and  (2)  (df  =  dp  and  b  =  ds  =  0.3905nm),  see  Table  4  (Sp).  The  separation 
distances  observed  in  HREM-micrographs  are  in  good  agreement  with  those 
calculated  from  x-ray  powder  data,  showing  that  the  lattice  mismatch  is  basically 
accommodated  by  misfit  dislocations. 

4.  DISCUSSION 

4.1  Epitaxial  growth 

Apart  from  small  amounts  of  polycrystallinity  for  the  higher  mismatched 
systems  BaZrOs  on  SrTiOs  and  SrZrOs  on  LaAlOs  (see  Fig.  7),  the  perovskite 
films  were  epitaxial.  These  observations  suggest  that  epitaxy  takes  place  by  a 
mechanism  described  by  Miller  et  al.  [5]  for  the  case  of  cubic  Zr(Y)02  on  Zr(Y)02- 
Epitaxy  starts  by  heterogeneous  nucleation  of  film  grains  at  the  interface  and 
continues  by  the  consumption  of  non-epitaxial  grains.  The  driving  potential  is 
the  elimination  of  grain  boundaries. 

4.2  Accommodation  of  lattice  mismatch 
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The  orientation  of  the  dislocation  network  observed  at  the  interface  between  the 
cubic  and  pseudocubic  perovskites  is  consistent  with  observations  by  S.  Stemmer 
et  al.  [22]  in  a  similar  system  with  perovskite  structure  (PbTiOs  on  SrTiOs)  grown 
by  Pulsed  Laser  Deposition  at  600°C.  Because  b  =  d<010>  is  the  shortest  complete 
translation  vector  of  the  perovskite  structure,  a  dislocation  with  this  Burgers 
vector  would  have  the  lowest  line  energy  compared  to  other  complete 
dislocations.  Partial  dislocations,  on  the  other  hand,  with  a  shorter  Burgers 
vector,  e.g.,  b  =  d/2  <110>,  as  observed  in  PZT-ceramics  [23],  would  have  a  lower 
line  energy;  however,  an  antiphase  arrangement  would  be  created  at  the  interface 
that  is  not  observed  in  the  current  work. 

Apart  from  a  slightly  smaller  film  parameter  d^  than  expected,  suggesting,  that 
the  film  is  under  a  residual  biaxial  tension,  the  lattice  mismatch  is  fully  relaxed  by 
periodic  misfit  dislocations  for  the  cases  of  SrTio.5Zro.5O3,  SrZrOs  and  BaZrOs 
films  on  SrTiOs.  Because  of  the  cubic  to  tetragonal  phase  transformation  of 
PbTiOs  during  cooling,  this  was  not  observed  for  PbTiOs  on  SrTiOs  [22].  A 
further  difference  between  the  two  studies  concerns  the  location  of  the 
dislocations  relative  to  the  interface.  In  the  current  study,  the  dislocations  are 
located  at  or  close  to  the  interface  in  the  SrTio.5Zro.5O3,  SrZr03  and  BaZr03  films 
on  SrTi03.  In  the  PbTi03/SrTi03  study,  no  dislocations  could  be  found  directly  at 
the  interface;  instead,  the  dislocations  in  PbTi03  exhibit  a  stand-off  of  a  few  nm 
from  the  interface.  According  to  Mader  and  Knauss  [24],  a  stand-off  can  be  caused 
by  the  balance  between  image  forces  due  to  the  difference  in  elastic  properties  of 
films  and  substrate  and  coherency  forces  on  the  dislocation.  The  fact  that  the 
equilibrium  distance  for  the  stand-off  calculated  by  Mader  and  Knauss  is 
inversely  proportional  to  the  lattice  mismatch  would  be  consistent  with  the 
observation  that  the  dislocations  are  located  closer  to  the  interface  in  our  study 
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than  in  the  case  of  PbTiOs  on  SrTiOs.  It  is  also  possible  that  differences  in  bond 
strength  across  the  interface  could  account  for  a  variation  of  the  stand-off  distance 
[25]. 


The  unobserved  stand-off  distance  in  the  current  work  may  also  be  understood  in 
terms  of  the  extremely  small  critical  thicknesses  he  for  misfit  dislocation 
formation.  Theoretical  considerations  [2]  have  suggested  that  dislocation 
networks  can  only  be  formed  once  the  film  thickness  exceeds  a  critical  value,  he. 
An  implicit  expression  for  he  that  includes  the  elastic  anistropy  is  given  by  [3,26] 


h 


C  “ 


47tM8sds  b 


(3) 


with  P  «  4  [27]:  dimensionless  constant,  b  »  0.3905nm.  M  is  the  biaxial  modulus 
for  a  cubic  film  with  [100](001)film  I  I  [100](001)substrate  [3] 

2 

M  =  Cii  +  Ci2-2^,  (4) 

Cll 


(cij  =  elastic  constants  of  the  film)  and  K  is  the  energy  factor  [26]: 


K  -  (cii  +  C12) 


<^44  [^11  ~  C12) 

Cii  (C11  +  C12  +  2C44) 


(5) 


For  BaZrOs,  theoretical  values  from  first-principle  'calculations  have  been  used 
(c^i  *335GPa,  C12  =95GPa,  C44  »  89GPa  [28]).  As  experimental  elastic  constants  of 
the  other  film  materials  are  not  available,  values  for  SrTi03  ( c^  =  315.6  GPa,  0^2 
=  102.7  GPa,  C44  »  121.5  GPa  [29])  have  been  used  for  SrTio.5Zro.5O3  and  SrZr03. 
In  the  case  of  the  lowest  mismatched  system  SrTio.5Zro.5O3  /  SrTi03,  the  critical 
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thickness  is  calculated  to  1.6nm  (  =  4  unit  cells),  in  the  case  of  SrZrOs  on  SrTiOs, 
the  estimation  yields  0.4nm  (  »  1  unit  cell).  For  BaZrOs  on  SrTiOs,  the  concept 
breaks  down,  namely,  it  is  not  possible  to  find  a  solution  for  equation  (3)  which 
implies  a  critical  thickness  in  the  order  of  one  unit  cell  or  less.  This  breakdown 
means  that  it  is  energetically  favorable  for  misfit  dislocations  to  be  included  in 
the  heterogeneous  nucleated  epitaxial  grains  right  from  the  beginning  of  growth. 
The  estimation  of  the  critical  thicknesses,  he,  shows  for  all  systems  investigated, 
that  the  formation  of  misfit  dislocations  is  energetically  favorable  right  from  the 
very  initial  stage  of  growth  as  the  inital  epitaxial  grains  consume  other  grains  to 
convert  the  polycrystalline  film  into  a  single  crystal. 

General  models  for  misfit  dislocation  formation  in  semiconductor  thin  films 
assume,  that  the  dislocations  nucleate  at  the  film  surface  as  loops  and  either  glide 
or  climb  down  towards  the  interface  [30].  Because  the  glide  plane  of  the 
dislocation  array  observed  in  our  experiments  is  the  interfacial  plane  (001),  it  is 
impossible  for  dislocations  to  glide  from  the  surface  to  the  interface  in  the  current 
films.  On  the  other  hand,  the  dislocations  could  climb  to  the  interface,  but  this  is 
not  consistent  with  current  observations.  Thus,  for  the  current  work,  all 
evidence  strongly  suggests  that  the  dislocations  are  included  at  the  nucleation 
stage  of  epitaxy.  These  disclocations  could  nucleate  at  the  edge  of  the  initial 
epitaxial  grains  that  nucleate  at  the  interface  during  pyrolysis  of  the  precursor. 
They  could  glide  into  the  grain  on  the  (OOl)-interfacial  plane  or  climb  from  the 
edge  to  the  interface.  Heterogeneous  nucleation  of  film  grains  is  known  to 
simultaneously  occur  at  different  sites  along  the  interface,  namely  as  island 
growth.  During  coalescence  of  epitaxial  grains,  a  rearrangement  of  the 
dislocations,  via  glide,  would  be  expected  to  equalize  the  distances  between  the 
misfit  dislocations.  It  is  concluded,  that  the  slight  residual  stresses  in  the  films 
(dj^<dp  from  XRD)  are  caused  by  an  uncomplete  rearrangement  of  misfit 
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dislocations,  that  could  be  influenced  by  defects  of  the  SrTiOs  surface,  e.g.  steps  on 
the  surface  due  to  miscut.  Although  additional  effects  like  phase  transformation 
or  thermal  expansion  mismatch  on  the  lattice  constant  of  the  film  can  not  be 
completely  ruled  out,  they  can  not  consistently  explain  the  slight  change  in  lattice 
constant. 

5.  CONCXUSIONS 

Epitaxial  films  of  cubic  and  pseudocubic  perovskites  with  relatively  high  lattice 
mismatches  can  be  grown  on  SrTiOs  and  LaAlOs  substrates  by  the  chemical 
solution  deposition  method.  The  epitaxy  mechanism  appeared  to  be  the  same  as 
that  discovered  by  Miller  et  al.  [5]  and  described  as  epitaxial  grain  growth.  The 
lattice  mismatch  was  shown  to  be  approximately  fully  accommodated  by  a 
network  of  interfacial  misfit  dislocations  close  to  the  interface  along  <100>- 
direction  with  Burgers-vector  of  <010>-type  for  lattice  mismatches  up  to  7.4% 
(BaZrOs/SrTiOs).  It  was  shown  that  the  critical  thicknesses  for  the  formation  of 
misfit  dislocations  are  much  too  small  to  have  a  physical  meaning  for  these 
highly  mismatched  perovskite  systems.  Therefore,  it  is  hypothesized  that  misfit 
dislocations  are  introduced  as  the  epitaxial  grains,  -which  are  isolated  from  one 
another  and  located  at  the  substrate/film  interface,  grow  to  consume  all  other 
grains  as  the  polycyrstalline  film  is  converted  to  a  single  crystal. 
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TABLE  CAPTIONS 


Table  1:  List  of  the  systems  investigated.  Lattice  constants  df  from  literature  and 
lattice  mismatch  strains  es  between  films  and  substrates  SrTiOs  (ds  »  0.3905nm) 
and  LaA103  (ds  =  0.379nm). 

Table  2:  Results  of  XRD-investigations  of  precursor  powder  heat  treated  at 
1000°C/lh  (Bragg-angles  29  of  the  (002)  reflections  and  calculated  lattice  constants 
dp).  The  lattice  constants  of  the  powders  dp  agree  very  well  with  values  from 
literature  (Table  1). 

Table  3:  Results  of  XRD-investigations  of  thin  films  heat  treated  at  1000®C/lh 
(Bragg-angles  20,  full  widths  at  half-maximum  (fwhm)  B  and  fwhm  a  of  the 
rocking-curves  of  the  (002)  reflections  of  the  films,  calculated  lattice  constants  dj^ 
and  estimated  sizes  of  the  film  grains  Df ).  d^  is  slightly  smaller  compared  to  dp 
(see  Table  2)  for  the  films  on  SrTiOs.  The  grain  sizes  of  the  epitaxial  film  grains  Df 
exceed  the  size  of  the  grains  in  the  powder  suggesting  that  grain  growth  is 
enhanced  in  the  films  compared  to  the  unoriented  powder.  All  films  show 
narrow  fwhm  a  in  rocking  curves  of  the  (002)-reflections  of  the  films. 

Table  4:  Dislocation  distances  in  SrTio.5Zro.5O3-,  SrZr03-  and  BaZr03-films  on 
SrTi03  measured  from  n  dislocation  distances  in  HREM-micrographs  (ShREM/ 
component  in  <010>-direction)  and  calculated  from  lattice  constants  determined 
by  XRD  (Sp)  show  good  agreement,  suggesting  that  the  lattice  mismatch  strain  is 
approximately  fully  relaxed  by  misfit  dislcocations. 
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Table  1: 


ISIHI 

■■NfiiiHfilBl 

SrZrOs 

BaZrOs 

SrZrOs 

on  SrTiOs 

on  SrTiOs 

on  SrTiOs 

on  LaAlOs 

df  (nm) 

0.4003 

0.4101 

0.4193 

0.4101 

es 

0.025 

0.05 

0.074 

0.082 

Table  2; 


SrTio.5Zro.5O3 

SrZrOs 

BaZrOs 

20  (®) 

45.29 

44.15 

43.18 

dp  (nm) 

0.4005±0.0005 

0.410310.0005 

0.419010.0006 

Table  3; 


SrTio.5Zro.5O3 

on  SrTi03 

SrZr03 

on  SrTi03 

BaZr03 

on  SrTi03 

SrZr03 

on  LaA103 

20  (°) 

45.42 

44.29 

43.35 

44.18 

dj_  (nm) 

0.399410.0005 

0.409010.0005 

0.417510.0006 

0.410010.0005 

B(°) 

0.4 

0.28 

0.24 

0.26 

Df  (nm) 

22 

32 

39 

36 

a  (”) 

0.5 

0.5 

0.5 

0.5 

1 


n 

ShREM  (nm) 

srTio.5zro.503 

15 

16.1  ±5.4 

9^^9[||IH[i 

SrZrOs 

45 

7.511.3 

8.110.2 

BaZrOs 

12 

6.211.0 

5.710.1 
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HGURE  CAPTIONS 


Fig.  1.  SEM  micrograph  of  the  surface  of  a  SrTiOs-substrate.  Steps  can  be 
identified,  probably  due  to  a  miscut. 

Fig.  Z.Thermogravimetric  analysis  (TGA)  of  SrZrOs-  and  BaZrOs-precursors.  The 
high  weight  loss  is  due  to  evaporation  of  solvent  (T  <  100°C)  and  pyrolysis  (T  < 
400°C).  During  cooling,  the  weight  is  almost  constant. 

Fig.  3.  X-ray  powder  diffraction  of  SrTio.5Zro.5O3  - ,  SrZrOs  -  and  BaZrOs  - 
precursors  heat  treated  at  1000°C/lh.  All  powders  are  of  perovskite  phase.  In  the 
case  of  SrTio.5Zro.5O3,  the  reflections  are  broader  and  exhibit  shoulders  on  both 
sides,  indicating  uncomplete  mixing. 

Fig.  4.  X-ray  (0-20)-measurements  of  thin  films  of  SrTio.5Zro.5O3,  SrZr03  and 
BaZr03  on  SrTi03.  The  only  orientation  of  the  film  detected  by  intense  (002)- 
reflections  is  (001)  film  I  I  (001)  SrTi03.  All  other  peaks  are  due  to  diffraction  at 
the  substrate  (not  only  by  CuKa,  but  also  by  additional  wavelengths  within  the  x- 
ray  source  -  like  CuKp  and  WLo). 

Fig.  5.  An  x-ray  (0-20)-measurement  of  a  thin  film  of  SrZr03  on  LaA103  also 
shows  (OOl)f  I  I  (OODs- 

Fig.  6.  X-ray  texture  analysis  of  the  reflections  a)  (002)  SrZr03  (20  =  44.3°),  b)  (110) 
SrZr03  (20  »  30.9°)  and  c)  (110)  SrTi03  (20  *  32.4°)  shows  the  parallel  orientation 
[100](001)  SrZr03  I  I  [100](001)  SrTi03  of  the  SrZr03-film  on  the  single  crystal 
substrate. 
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Fig.  7.  XRD  pole  figures  of  the  (llO)-reflections  of  a)  a  BaZrOs-film  on  SrTiOs 
[(110)  at  20  »  30.3®]  and  b)  a  SrZrOs-film  on  LaAlOs  [(110)  at  20  =  33.4®]. 

Fig.  8.  SEM-micrograph  of  a  SrZrOs-film  on  SrTiOs.  The  film  is  relatively 
smooth. 

Fig.  9.  SEM-micrograph  of  a  SrZrOs  -  film  on  LaAlOs.  The  film  consists  of  a 
network  of  connecting  islands. 

Fig  10.  CTEM-micrograph  of  a  cross-section  sample  of  SrZrOs  on  SrTiOs.  The 
thickness  of  the  film  is  approximately  45nm  in  the  area  shown. 

Fig.  11.  HREM-  micrographs  of  SrZrOs  on  SrTiOs  heat  treated  at  900®C/lh  along 

a)  <100>-zone  axis  and  b)  <ll0>-zone  axis.  Burgers-circuits  can  be  performed  in 
both  cases,  leading  to  closure  failues  of  a)  b  =  ds<010>  and  b)  b  =  ds/2<110>.  The 
distance  between  the  extra  half-planes  observed  is  closer  by  a  factor  of  V2  in  case 

b)  (for  explanation,  see  Fig.  12). 

Fig.  12.  O-lattice  model  (unrelaxed)  for  two  materials  with  simple  cubic  lattices 
(plan-view  along  [001]).  Misfit  dislocations  are  expected  along  the  <100>- 
directions  (wide  lines).  The  inserted  cross-sections  along  the  <100>-  and  <110>- 
directions  show  that  due  to  lattice  mismatch,  closure  failures  occur  (b  =  ds<010>, 
resp.  b  =  ds/2<110>).  The  separation  distance  along  <110>  [  S  (<110>)  ]  is  a  factor  of 
■V2  smaller  than  along  <100>  [  S  (<100>)  ]. 

Fig.  13.  HREM  micrographs  of  a)  SrTio.5Zro.5O3,  b)  SrZrOs  and  c)  BaZrOs  on 
SrTiOs  in  <100>-zone  axis  in  a  lower  magnification.  Dislocations  at  the  interface 
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are  marked  by  arrows.  As  can  be  seen,  the  distance  between  the  dislocations 
decreases  with  increasing  lattice  mismatch. 
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Fig.  1.  SEM  micrograph  of  the  surface  of  a  SrTiOs-substrate.  Steps  can  be  identified, 
probably  due  to  a  miscut. 
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Fig.  2.Thermogravimetric  analysis  (TGA)  of  SrZrOs-  and  BaZrOs-precursors.  The  high 
weight  loss  is  due  to  evaporation  of  solvent  (T  <  100°C)  and  pyrolysis  (T  <  400°C). 
During  cooling,  the  weight  is  almost  constant. 
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Fig.  3.  X-ray  powder  diffractometry  of  SrTio.5Zro.5O3  -  ,  SrZr03  -  and  BaZrQ3  - 
precursor  annealed  at  1000°C/lh.  All  powders  are  of  perovskite  phase.  In  the  case  of 
SrTio.5Zro.5O3,  the  reflections  are  broader  and  exhibit  shoulders  on  both  sides, 
indicating  uncomplete  mixing. 


Fig.  4.  X-ray  (20/0)-measurements  of  thin  films  of  SrTio.5Zro.5O3,  SrZrOs  and  BaZrOs 
on  SrTiOs.  The  only  orientation  of  the  film  detected  by  intense  (002)  reflections  is  (001) 
film  I  I  (001)  SrTiOs-  All  other  peaks  are  due  to  diffraction  at  the  substrate  (not  only  by 
CuK(x,  but  also  by  additional  wavelengths  within  the  x-ray  source  -  like  CuKp  and 
WLa). 
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Fig.  5.  X-ray  (20/0)-measurement  of  a  thin  film  of  SrZr03  on  LaA103  also  shows 
(OOl)film  I  I  (OOl)substrate. 
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Fig.  6.  X-ray  texture  analysis  of  the  reflections  a)  (002)  SrZrOs  (20  «  44.3°),  b)  (110) 
SrZrOs  (20  «  30.9°)  and  c)  (110)SrTiO3  (20  =  32.4°)  show  the  parallel  orientation 
[100](001)  SrZrOs  I  I  [100](001)  SrTiOs  of  the  SrZrOs-film  on  the  single  crystal 

substrate. 


Fig.  7.  XRD  polefigures  of  the  (llO)-reflections  of  a)  a  BaZrOs-film  on  SrTiOs  [(110)  at 
20  «  30.3°]  and  b)  a  SrZrOs-film  on  LaAlOs  [(110)  at  20  «  33.4°]. 


Fig.  9.  SEM-micrograph  of  a  SrZrOs  -  film  on  LaAlOs.  The  film  consists  of  a  network  of 
connecting  islands. 
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Fig.  11.  HREM-  micrograph  of  SrZrOs  on  SrTiOs  annealed  at  900°C/lh  along  a)  <100>- 


zone  axis  and  b)  <11;  0>-zone  axis.  Burgers-circuits  can  be  performed  in  both  cases, 
leading  to  closure  failues  of  a)  b  =  a<100>  and  b)  b  =  a/2<110>.  The  distance  between 

the  extra  half-planes  observed  is  closer  by  a  factor  of  V2  in  case  b). 


b  as  <^<100> 


Fig.  12  O-lattice  model  (unrelaxed)  for  two  materials  with  simple  cubic  lattices  (pi 

view  along  [001]. 


Fig.  13.  HREM  micrographs  of  a)  SrTio.5Zro.5O3,  b)  SrZrOs  and  c)  BaZrOs  on  SrTiOs  in 
<100>-zone  axis  in  a  lower  magnification.  Dislocations  at  the  interface  are  marked  by 
arrows.  As  can  be  seen,  the  distance  between  dislocations  decreases  with  increasing 


lattice  mismatch. 


